Pulmonary hypertension (PH) is associated with features of obesity and metabolic syndrome that translate to the induction of PH by chronic high-fat diet (HFD) in some inbred mouse strains. We conducted a genome-wide association study (GWAS) to identify candidate genes associated with susceptibility to HFD-induced PH. Mice from 36 inbred and wild-derived strains were fed with regular diet or HFD for 20 weeks beginning at 6-12 weeks of age, after which right ventricular (RV) and left ventricular (LV) end-systolic pressure (ESP) and maximum pressure (MaxP) were measured by cardiac catheterization. We tested for association of RV MaxP and RV ESP and identified genomic regions enriched with nominal associations to both of these phenotypes. We excluded genomic regions if they were also associated with LV MaxP, LV ESP, or body weight. Genes within significant regions were scored based on the shortest-path betweenness centrality, a measure of network connectivity, of their human orthologs in a gene interaction network of human PH-related genes. WSB/EiJ, NON/ShiLtJ, and AKR/J mice had the largest increases in RV MaxP after high-fat feeding. Network-based scoring of GWAS candidates identified epidermal growth factor receptor (Egfr) as having the highest shortest-path betweenness centrality of GWAS candidates. Expression studies of lung homogenate showed that EGFR expression is increased in the AKR/J strain, which developed a significant increase in RV MaxP after high-fat feeding as compared with C57BL/6J, which did not. Our combined GWAS and network-based approach adds evidence for a role for Egfr in murine PH.
Clinical Relevance
The results of our study will be broadly useful to investigators in the field, both in facilitating greater understanding of the pathophysiology of pulmonary hypertension (PH) and in identifying novel targets for therapeutic intervention. In addition, the results of our strain study will be widely applicable to investigators in PH, as the choice of background strain is crucial to developing a robust disease model.
Knowledge of the molecular events contributing to the pathogenesis of pulmonary hypertension (PH) has increased substantially in recent decades; however, our understanding remains incomplete, as evidenced by the scarcity of medical interventions to prolong the survival of patients suffering from this deadly disease (1) . PH occurs in a variety of settings, including left-sided heart disease, chronic lung disease, intrinsic disease of the pulmonary arteries (pulmonary arterial hypertension [PAH] ), and others (2) . Despite its distinct triggers, PH subtypes share many features in common (2, 3) , including pathogenic vascular remodeling and progressive hypertrophy, dilation, and failure of the right ventricle.
Discoveries from human genetics-and genomics-based approaches form the core of our current understanding of PH as a disease of excessive proliferation and impaired apoptosis in the pulmonary vasculature (4) . Early studies investigating the segregation of PAH cases in families (FPAH) identified causal roles for mutations in BMPR2 (5, 6) and other genes linked to proproliferative and antiapoptotic signaling by the transforming growth factor-b superfamily (7) , including ALK1 (8), SMAD9 (9), and ENG (8) .
More recently, the caveolar protein, CAV1 (10), pH-sensitive potassium channel, KCNK3 (11), and eukaryotic translation initiation factor, EIF2AK4 (12, 13) , have been linked to FPAH. Although these genes are not known to be associated with transforming growth factor-b signaling, they are also believed to contribute to excessive proliferation and apoptosis resistance (4) . Although currently known genetic abnormalities explain greater than 80% of FPAH cases (7), the Mendelian inheritance patterns observed in FPAH are confounded by low penetrance (14) , and account for a small minority of total PH cases (15) , underscoring the complex and multifactorial nature of PH pathogenesis (16) . Genome-wide association study (GWAS) offers the potential to account for this complexity by recognizing loci associated with PH susceptibility, and the recent success of GWAS in identifying CBLN2 as a candidate PAH disease gene (17) suggests that it may be useful in identifying PH disease genes more broadly.
In recent years, a new metabolic hypothesis has emerged to unite the multitude of abnormalities involved in the pathogenesis of PH (18) . This theory has gained traction from observations in rodent models that (1) metabolic syndrome induces experimental PH (19, 20) , and (2) drugs that treat metabolic abnormalities also reverse experimental PH (21, 22) . Indeed, the antidiabetic drug, metformin, is therapeutic in diverse rodent models of PH, including the monocrotalineinduced model of PAH, the chronic hypoxia-induced model of PH secondary to hypoxic lung disease, and experimental PH secondary to diastolic left heart failure (21, 23) .
In this study, we sought to leverage the power of GWAS in mice to identify novel candidate genes in PH pathogenesis as it relates to high-fat feeding. Murine GWAS have been successfully employed to identify candidate genes associated with other pulmonary disorders, including asthma (24) and lung cancer (25) . To induce disease, we used a high-fat diet (HFD)-induced mouse model, which has been shown to produce a robust PH phenotype in mice (20) . We hypothesized that testing for association with this phenotype would identify genes that are involved in PH pathogenesis. Here, we report the results of a genome-wide scan testing for association with HFD-induced changes in right ventricular (RV) maximum pressure (MaxP) in 36 inbred and wildderived mouse strains. Some of the results of these studies have been previously reported in the form of abstracts (26) (27) (28) .
Materials and Methods

Animals
Male mice from 36 inbred and wild-derived strains (Table 1) were purchased from Jackson Laboratories (Bar Harbor, ME 
Hemodynamics
In vivo pressure-volume (PV) loop measurements of RV function were performed by a PV catheter in anesthetized animals, as described previously (20) . Briefly, animals were weighed and then anesthetized with isoflurane (5% for induction, 2% during surgery, and 1% while performing PV loop measurements). A four-electrode PV catheter (Scisense, Inc., London, ON, Canada) attached to the data acquisition system (EMKA Instruments, Falls Church, VA) was inserted into the apex of the RV. After the acquisition of RV PV loops, the procedure was repeated on the left ventricle (LV). Data were acquired using the PowerLab data acquisition system and LabChart Pro software (AD Instruments, Colorado Springs, CO). PV loop quality control was performed by a blinded observer.
Genetic Association Testing
Genome-wide scans were performed using the genome-wide efficient mixed model algorithm (29) using 4 million single-nucleotide polymorphisms (SNPs) made publicly available by the National Institute of Environmental Health Sciences and imputed from 138,980 SNPs published in the Mouse HapMap project (available at http://mouse.cs. ucla.edu/mousehapmap/full.html).
Region Analysis
Regions were constructed by beginning with a nominally significant SNP (P , 10 23 ) and iteratively adding flanking nominally significant SNPs within 61 megabase (Mb) until there were no nominally significant SNPs in the 1 Mb upstream or downstream of the region. Region P values were calculated by the hypergeometric survival 
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function based on the total number of SNPs, the number of SNPs in the region, the total number of significant SNPs (P , 10 23 ), and the number of significant SNPs in the region. Regions with hypergeometric P less than 2.5 3 10 23 were considered significant. Mouse genes with exons contained wholly or partially within a significant region were considered candidate genes.
Statistical Analysis
P values for fold change between dietary groups were calculated by Student's twosided t test. P values for fold change in gene expression between dietary groups and strains were calculated by two-way ANOVA. Spearman correlation coefficients and two-tailed P values were calculated in PRISM v6.04 (GraphPad Software, Inc., La Jolla, CA). P values less than 0.05 were considered statistically significant.
Overlapping Publication
The fold change in RV MaxP with high-fat feeding by background strain ( Figure 1A ) is also reported in an article by Meng and colleagues (30) to identify an ideal strain for the development of a murine model of heart failure with preserved ejection fraction.
Additional details on these methods are provided in the online supplement.
Results
Interstrain Differences in HFD-Induced PH Susceptibility
To quantify the effects of chronic high-fat feeding on pulmonary hemodynamics, we fed mice from 36 inbred or wild-derived strains (Table 1 ) with a RD (15% lipids/kcal) or HFD (60% lipids/kcal) beginning at 6-12 weeks of age. To eliminate the confounding effects of sex (31) , only male mice were used in this study. After 20 weeks on their respective diets, RV and left-ventricular (LV) PV loops were obtained by terminal cardiac catheterization, allowing determination of the fold change in RV MaxP, RV endsystolic pressure (ESP), RV end-diastolic pressure, LV MaxP, LV ESP, and LV enddiastolic pressure after high-fat feeding ( Figures 1A-1D , and see Figure E1 in the online supplement). Fold change in body weight was also recorded ( Figure 1E ), and RV hypertrophy was assessed by measuring the fold change in its free weight ( Figure E2A ) or that of its weight expressed as a fraction of either left tibial length ( Figure E2B ) or the mass of the LV plus the interventricular septum (Fulton index, Figure E2C ). Similarly, LV hypertrophy was assessed by measuring the fold change in its free weight, including the interventricular septum ( Figure E3A ), or their weights expressed as a fraction of left tibial length ( Figure E3B) . Raw values for each mouse in the study are available in the online supplement (Table E1) .
In this HFD-induced model of PH, we assessed the degree of PH as the fold change in RV MaxP in HFD versus RD. This metric ranged from a 30.59% decline in the NOD/ShiLtJ strain (P = 0.3049) to increases of 30.40 and 35.74% in the common laboratory strains, AKR/J (P = 0.0040) and NON/ShiLtJ (P , 0.0001), respectively. The wild-derived WSB/EiJ strain (32) showed the greatest increase in RV MaxP (69.67%), although the change did not meet criteria for significance between dietary groups (P = 0.0529). To assess the relationship between right-and left-sided pressures and weight gain, we measured the correlation between fold change in RV MaxP and fold changes in RV ESP, LV MaxP, LV ESP, and body weight. As expected, fold change in RV MaxP was significantly positively correlated with that of RV ESP ( Figure E4A , Spearman's r = 0.9423, P , 0.0001). In addition, the fold change in both LV MaxP ( Figure E4B , r = 0.4208, P = 0.0106) and LV ESP ( Figure  E4C , r = 0.3490, P = 0.0369) showed positive and significant association with the fold change in RV MaxP, suggesting that the two phenotypes may be related as seen in PH secondary to left-sided heart disease; this finding is explored in detail in an accompanying article by Meng and colleagues (30) . Interestingly, although our model of PH relied on intervention through HFD, fold change in body weight was not significantly correlated with fold change in RV MaxP ( Figure E4D , r = 0.1320, P = 0.4427), suggesting that factors besides susceptibility to HFD-induced weight gain determine the extent of PH.
Genome-Wide Association Identifies Regions Associated with RightVentricular Hemodynamics
After data acquisition, we identified SNPs associated with each of five phenotypesencompassing RV MaxP, RV ESP, LV MaxP, LV ESP, and body weight (29, 33) and all SNPs with P less than 10 23 were considered potentially significant (Tables  E2-E6 ). To account for the influence of RD phenotypes on HFD phenotypes, we expressed each quantitative phenotype with HFD as a fold change from the mean RD value of its strain.
23 (see MATERIALS AND METHODS). All genes within these regions were chosen as potential candidate genes.
To filter our initial list of 1,511 potential candidate genes located in regions associated with RV MaxP, we excluded genes that were also located within genomic regions associated with either body weight, LV MaxP, or LV ESP, reasoning that these genes could function upstream of the molecular events of most interest to our study. We also excluded genes that were not present in genomic regions associated with RV ESP, as genes associated with both phenotypes were less likely to be false positives. Following this protocol, we obtained filtered genomic regions (Figure 2 ) consisting of 880 candidate genes.
Network Analysis Identifies Candidate Genes Associated with Human PH
We next sought to identify genes that are closely related to what is currently known about PH. Protein interaction networks have been successfully used to gain novel insights into PH pathogenesis (22, 34) . Thus, we examined the PH relatedness of the human orthologs (35) of our candidate genes based on their connectedness to a subnetwork of known PH genes, which we refer to as the PH interactome (34), within a curated global network of protein-protein interactions (36) ( Figure 3A) . Of our remaining genes, 31 were network-connected genes, which we defined as genes that were either members or first-degree neighbors of the PH interactome. We hypothesized that, if our network-based filtering strategy is valid, then the SNPs with 2log 10 (P value) values for association with RV MaxP above a sliding threshold should be progressively enriched for SNPs in network-connected genes versus SNPs in other unfiltered genes as the threshold increases from zero to the maximum value in the GWAS ( Figure 3B ). We saw that the hypergeometric P value of SNPs in network-connected genes became increasingly significant, to P values of less than 10 210 , as the threshold approached the maximum ( Figure 3C ). These data suggest that, by the above standard, the network-based filter is indeed valid.
We next scored the PH relatedness of our network-connected candidate genes based on their shortest path betweenness centrality (37) in a subnetwork consisting of the candidate and the PH interactome (22) . Shortest path betweenness centrality of a node, v, measures the fraction of shortest paths between two other network nodes, s and t, that pass through v; in essence, shortest path betweenness centrality measures the amount of network connectivity that would be lost if v were to be removed from the network. We normalized each value to its theoretical maximum for an undirected graph (Table E7) . We found that epidermal growth factor receptor (Egfr), a gene with a hypothesized association to PH pathogenesis (38) , was the candidate gene with the highest connectivity to the PH network as assessed by betweenness centrality.
Throughout the filtering process, beginning with the initial list of 1,511 candidate genes in genomic regions developed from the GWAS results of fold change in RV MaxP, the filtering of candidates was independent of the strengths of their associations to the original phenotype; this strategy ultimately led to the identification of Egfr as the highest-ranked gene ( Figure 4A ). Interestingly, 13 of the 19 most significant SNPs in our original association study with the phenotype of fold change in RV MaxP (see Table E2 ) were located within the genomic coordinates of the mouse Egfr gene ( Figure 4B ). To further test the possibility that genetic differences in Egfr contribute to PH susceptibility, we examined Egfr expression in the lungs of two common mouse strains with different hemodynamic responses to HFD: C57BL/6J, which developed a statistically insignificant 9.37% increase in RV MaxP with HFD compared with RD (n = 6-7 mice/diet, P = 0.4299), and AKR/J, which developed a 30.40% increase between the two groups (n = 7 mice/diet, P = 0.0040). The expression of Egfr mRNA ( Figure 4C ) and protein ( Figure 4D ) was significantly increased in the lungs of AKR/J mice as compared with C57BL/6J mice, suggesting that increased Egfr expression may contribute to PH susceptibility in our model. Taken together, these results offer new genomic, computational, and biologic evidence of a role for Egfr in the pathogenesis of PH.
Discussion
In this report, we present the results of a murine GWAS of RV pressure phenotypes after chronic high-fat feeding. Through region-, phenotype-, and network-based filtering steps with biologic evidence from gene expression studies, we identified Egfr as a candidate gene that may be related to murine PH.
In this study, we used network-based analyses to identify Egfr as the candidate gene most likely to be associated with changes in RV MaxP after high-fat feeding. Network-based analyses have recently been employed to gain biologic insights into the pathogenesis of PH (22, 34) , and the emerging application of network methods to GWAS interrogation has shown significant promise (39) (40) (41) . In a key study, Barrenäs and colleagues (42) showed that highly interconnected genes in multiple disease networks were enriched for diseaseassociated SNPs. Comparably, in our study, Egfr was found to be the most integral GWAS candidate gene in the PH network by shortest path betweenness centrality, while also harboring 13 of the 19 SNPs most associated with the phenotype of fold change in RV MaxP. Interestingly, although Barrenäs and colleagues combined human networks with human genomics, our article is the first, to our knowledge, that pairs a human network with mouse genomics; nonetheless, we still reached compatible conclusions. Hence, the marriage of human network-based analytics with murine GWAS may offer the opportunity to elicit novel insights from both existing and future murine phenotyping surveys.
EGFR has long been known to regulate the growth and proliferation of vascular smooth muscle cells, making it an attractive drug target in PH (43, 44) . However, pharmacologic inhibitors of EGFR have had mixed results in animal models of PH, and the potential for their use remains controversial (38) . Although EGFR inhibitors had therapeutic efficacy in monocrotaline-induced PH in rats (44), they had no effect on the severity of PH in a mouse model of chronic hypoxia-induced PH (38) . Interestingly, those mouse studies were conducted in C57BL/6J mice, and studies in AKR/J mice, which express higher levels of EGFR, may yield different results. In addition, EGFR-based interventions may depend on the specific type of PH-in contrast to chronic hypoxia-induced PH, our HFD-induced model appears to mimic PH secondary to left-sided heart disease (30) . It is worth noting that, although the expression of Egfr was higher in the PH-susceptible AKR/J strain than in C57BL/6J, its expression in lung tissue was unchanged between RD and HFD groups. However, a recent study has shown that post-translation redox mechanisms can account for increased EGFR signaling in the setting of PH, despite constant levels of EGFR protein, including in lung tissue from human subjects with PAH (45). Hence, higher baseline levels of Egfr expression may be sufficient to increase disease susceptibility. Although limited to mice and intended for hypothesis generation, the results of this study add new genomic evidence for a role of Egfr in experimental PH. Additional work in humans will be necessary to confirm the role of Egfr in disease pathogenesis.
Although the focus of this study was on the pulmonary circulation and RV hemodynamics, our results should be widely applicable to a variety of disease states. For example, it is well known that high-fat feeding also contributes to diseases of the systemic circulation (46, 47) . Hence, the results of this comprehensive study may be of use to investigators interested in left-sided cardiovascular disease. In addition, the results of our strain survey should be useful to all investigators studying PH, as this strain survey should provide useful insight into the ideal background strains for future genetic studies of PH susceptibility.
In summary, this report describes the results of a strain study that identified Egfr as a candidate gene in HFD-induced PH susceptibility. Our findings and data will be useful to investigators in multiple fields examining the relationship between diet and right-and left-sided cardiovascular hemodynamics. n 
